We present the radio observations and modeling of an optically bright Type II-P supernova (SN), SN 2012aw which exploded in the nearby galaxy Messier 95 (M95) at a distance of 10 Mpc. The spectral index values calculated using C, X & K bands are smaller than the expected values for optically thin regime.
Introduction
Core-collapse SNe mark the death of massive stars ( M * /M ⊙ 8). Study of electromagnetic emission from a supernova SN across various wavelengths provides us with important clues about the nature of the explosion as well as the progenitor star. Early time optical emission from a SN is used to derive many important parameters of the explosion (e.g. total explosion energy, nickel mass etc.) whereas late time optical emission is a probe of the inner layers of ejecta. Though not all SNe are detectable at radio wavelengths at a very young age, a small fraction of them have detectable radio emission even at a very young age. According to current understanding, this radio emission is non-thermal in origin (Chevalier 1982) . The fast moving SN ejecta drives a strong shock into the circumstellar medium (forward shock ). Electrons are accelerated to relativistic energies at this shock.
These electrons gyrate around the post-shock magnetic field and radiate via synchrotron emission. This radiation is an important probe of the pre-explosion evolution of massive stars.
During their evolution, massive stars lose mass (by either continuous stellar winds or periods of rapid/episodic mass loss (Dopita et al. 1984) ) which forms the circumstellar medium in which the SN shock evolves. The velocity of stellar winds is small (for Wolf-Rayet stars it can be 20% of the ejecta velocity) compared to that of the SN ejecta, and therefore in a short time the fast moving ejecta probes a long period of mass loss. Observationally determined mass loss rates can be used to constrain stellar evolution models. Young radio bright SN also offer an opportunity to study particle acceleration and magnetic field amplification at these shocks.
Type II-P SN are a class of core-collapse SN displaying an intermediate plateau phase
in their bolometric light curve which extends from 60 − 100 days. They show a wide range of magnitude in plateau phase and expansion velocity (Hamuy 2003) . Their progenitor stars have an extended Hydrogen envelope prior to collapse (Smartt 2009 ). Therefore they are at the extremity of a range of stars retaining different Hydrogen envelope masses at the time of explosion. As a result of the SN explosion the Hydrogen envelope is ejected at high velocity. The plateau phase is powered by a Hydrogen recombination wave traveling inwards as this ejecta cools due to expansion and radiation losses. The photosphere demarcates this expanding Hydrogen envelope into an inner region of high opacity and an outer region of low opacity. The plateau phase has been modeled numerically (Litvinova & Nadezhin 1983; Bersten et al. 2011) , semi-analytically (Falk & Arnett 1977) and analytically (Arnett 1980; Chugai 1991; Popov 1993) . The extended duration of plateau phase makes these SN more easily detectable even in low cadence surveys. The long duration of the plateau phase may have consequences for the non-thermal radiation processes. The high radiation density of optical (UBVRI) photons during the plateau phase may cause effective cooling of relativistic electron population at the forward shock (Chevalier et al. 2006 ).
X-ray emission from a young Type II-P SN can be thermal or non-thermal in origin (Chevalier 1982) . The thermal component can originate as a result of free-free emission in the post-shock region or at the reverse shock (a shock which is driven in to the expanding SN ejecta), whereas the non-thermal emission can be due to inverse Compton scattering of low energy photons by relativistic electrons at the forward shock. Therefore in case a SN is bright and detectable in X-rays at early times, much more information is available for understanding the dynamics of the forward shock, the reverse shock, the density profile of the ejecta and the circumstellar medium. In case of SN 2004dj, Chakraborti et al. (2012) have estimated various important parameters relevant to blast wave dynamics and particle acceleration using 4 epochs of Chandra observations. In the case of SN 2011ja, ?
have reported that the X-ray flux from this SN on second observation epoch was higher compared to the X-ray flux on first epoch by a factor of 4.2. They have argued that it can be explained by an enhancement in the density of the circumstellar medium probed by the shock at later time and have suggested that a fraction of Type II-P explosions may take place inside bubbles blown by hot winds or variable circumstellar medium created by non-steady winds. Therefore following the temporal evolution of young Type II-P explosion in radio and X-rays band will provide us with crucial information about the explosion and their surrounding medium created during the late evolution of their progenitor stars.
SN 2012aw is a bright Type II-P SN which exploded in the galaxy M95 (d ∼ 10 Mpc).
Spectra taken 4 − 5 days after discovery showed it to be a Type II-P explosion (Fagotti et al. 2012 ). Fraser et al. (2012) identified a candidate progenitor star in archival HST images. seems to be a faint red super-giant and is the most massive Type II-P progenitor discovered till date. Both works noted that the star had a significantly higher extinction prior to its explosion as a SN and interpret it as a signature of dust destruction by explosion. Fraser et al. (2012) note that the progenitor's luminosity is not very well constrained because of uncertainty in the extinction which will further affect the estimates on progenitor's mass. Van Dyk et al. (2012) claim evidence for dust-destruction by explosion as the current extinction to the SN is very low. This may have interesting consequences for the progenitors of Type II-P SN. SN 2012aw has been extensively studied through optical and UV photometry. Bose et al. (2013) have found that SN 2012aw has remarkable similarities with SNe 1999em, 1999gi and 2004et. Bose et al. (2013 have reported nebular spectroscopy of SN at age of 270 days and on the basis of lines profile shapes claimed that there are no signs of fresh dust formation. Immler & Brown (2012) reported the detection of an X-ray point-source consistent with the optical position of the SN 2012aw, with a 3.8 σ significance. We triggered the K band radio observation of SN 2012aw under our Joint Chandra-EVLA proposal (Proposal No. 13500809) to observe bright and nearby Type II-P events. After the initial detection ) the JVLA radio follow up was carried out through Jansky VLA Director's Discretionary Time. We have observed the object at radio wavelengths using JVLA 1 and GMRT 2 , targeting it at L (1.4 GHz), S (3.0 GHz), C (5.0 GHz), X (8.5 GHz), K (21.0 GHz) & Ka (32.0 GHz) bands at multiple epochs. In this work we present the analysis and modeling of radio observations of this SN.
We model the radio observations using the circumstellar interaction model. We show that there is a signature of electron cooling in the spectral evolution of the SN especially at high
frequencies. In our model we modify the electron population by taking inverse Compton cooling process in to consideration. We constrain the parameters relevant to progenitor (mass loss rate,Ṁ/v w , where v w is the wind velocity) and properties of shock acceleration (equipartition factor, ǫ e /ǫ B , where ǫ e & ǫ B are the fraction of energy in relativistic electrons and post-shock magnetic field).
Radio Observations & Reduction
SN 2012aw was first detected in radio JVLA-K band (21 GHz) at ∼ 10 days by Yadav et al. (2012 ) & Stockdale et al. (2012 . We conducted the follow up radio observations of 2012aw at various epochs extending up to 184 days after the explosion using Karl G. Jansky Very Large Array (JVLA) and Giant Meterwave Radio Telescope (GMRT).
These observations have been reduced using Astronomical Image Processing Software (AIPS) standard techniques. Group delay and phase rates calibration were determined using AIPS task FRING. Noisy data was flagged and the interferometric visibilities have
1 The National Radio Astronomy Observatory is a facility of the National Science Foundation operated under cooperative agreement by Associated Universities, Inc.
2 We thank the staff of the GMRT that made these observations possible. GMRT is run by the National Center for Radio Astrophysics of the Tata Institute of Fundamental Research.
been calibrated using 3C286. Bandpass calibration was done using BPASS based on the strong flux calibrators. The single source data has been extracted using AIPS task SPLIT after final calibration. The single source data was imaged using IMAGR. The images were corrected for residual calibration errors using self-calibration of visibility phases (Cornwell & Fomalont 1989) . The source fluxes were extracted by fitting Gaussian using task JMFIT assuming point sources. The errors reported on the flux are obtained by using the image statistics from the region surrounding the source.
In the case of SN 2012aw explosion date is strongly constrained to within ±1.6 days based on a non-detection (limiting magnitude of R 20.7) on Mar 15.27 reported by Poznanski et al. (2012) and the first detection on Mar 16.9 reported by Fagotti et al. (2012) .
We have used the explosion date as Mar 16.1 in this work. We have explored the effect of varying the explosion date within the 1.6 days time range. The radio observations are presented in Table 1 .
Modeling the Radio Observations
The interaction of fast moving ejecta with the circumstellar medium drives a strong shock which moves ahead of the ejecta into the circumstellar medium and is called the 'forward shock'. Electrons are accelerated to relativistic energies at this shock via Fermi first order process. These electrons radiate via synchrotron mechanism in the post-shock magnetic field. The electron spectrum is described as
where N 0 is the normalization constant and γ is electron index. The radio emission from young SNe is generally modeled as synchrotron emission by this electron population affected by a variety of absorption processes. The absorption can be modeled as a combination of synchrotron self absorption (SSA, the electrons which are responsible for synchrotron emission also absorb the synchrotron photons) & free-free absorption (FFA, the thermal electrons in the post-shock medium absorb the synchrotron photons). We use Chevalier model-I (Table 1. Chevalier (1996) ) to study this emission. In this model the radius of the forward shock increases as, R ∝ t m and energy densities in relativistic electrons and magnetic field are proportional to the thermal energy density which leads to u e , u
where u e is the energy density in the relativistic electrons and and u B is the energy density in the post-shock magnetic field respectively. Another important assumption inherent to the model is that the electron index γ remains constant during the evolution. Electron index can be obtained by fitting a power law to the optically thin component. The equation
for the radio flux evolution in such a case is given in Chevalier (1998) for the case of a SN blast wave expanding into a circumstellar medium set up by a uniform wind (ρ w ∝ r −2 ). If we try to model the radio emission from SN 2012aw by a simple SSA+FFA model, the best fit gives χ 2 ν ∼ 7.2, but results in a value of m greater than 1 (SSA model: m = 1.1 ± 0.02 ; SSA+FFA model: m = 1.08 ± 0.02), implying an accelerated blast wave, which is unlikely as the blast wave decelerates due to its interaction with the circumstellar matter. The difference between model and data at early time is relatively large compared to that at late times.
In order to explore it further we make a study of spectral index evolution using our radio data as shown in Figure 1 . In case of a source that can be described by a simple SSA+FFA model without cooling the radio spectral index approaches the value, −(γ − 1)/2 , as the source enters the optically thin regime. The spectral index curves labeled as 'X Band /C Band ' and 'K Band /X Band ' have values lower than −1 for an extended period of time during which the supernova has a plateau in its optical bolometric light curve, whereas 'C Band /S Band ' spectral index values slowly approach the optically thin regime value. This is because due to electron cooling the flux in higher frequency bands is diminished more -9 -in comparison to lower frequency bands and this leads to a dip in the spectral index.
The simplistic model proposed here may not fully account for the dip in the spectral index curves, -indicating that one may need to go beyond simple model described here to accommodate early time high frequency observations. A more realistic model will include the effect of variation in electron index and mass loss in to consideration as has been done in the case of SN 1993J by Fransson & Björnsson (1998) .
Electron cooling can be due to Coulomb, synchrotron or inverse Compton mechanisms or adiabatic expansion. Cooling has been discussed in the case of Type II-P SNe by Chevalier et al. (2006) and Björnsson & Fransson (2004) have discussed its importance in case of SN 2002ap, a type Ic event. To determine the dominant cooling mechanism, we need to compare the cooling timescales for various mechanisms.
Cooling Timescales
The rate at which an electron of energy E loses energy by adiabatic expansion, inverse Compton scattering and synchrotron emission is
synchrotron therefore can be written using formulas for energy loss from Pacholczyk (1970) as
where u rad in our case is energy density of photons at supernova radiosphere and u B is energy density of the post-shock magnetic field. In the following subsections we will compare the cooling timescale for inverse Compton and synchrotron loses and determine the dominant cooling mechanism. In order to compare the cooling timescales we first need to estimate the post-shock magnetic field and the radiation density at forward shock.
Post-Shock Magnetic Field
To get the synchrotron cooling timescale we need an estimate of magnetic field. In the CSM interaction models for radio supernova, the post-shock magnetic field is assumed to scale with time according to a power law. In Chevalier model-I the magnetic field evolves as t −1 . This is because magnetic energy density is proportional to thermal energy density, which for a constant parameter wind medium goes as t −2 , therefore B ∝ t −1 . If we know the magnetic field at epoch t 0 it can simply be scaled to get the field at any other epoch using
We use the value a = −1 in our calculations in accordance with Chevalier model-I. To get an estimate of magnetic field we can either use a late time radio spectrum or a low frequency radio lightcurve which are relatively free from the electron cooling effects. We consider the 3 GHz lightcurve for this part of calculation. In order to have minimum free parameters we need to check whether FFA is important to model the 3 GHz radio data available to us (t > 23 days).
To get an estimate of the FFA we useṀ −5 /v w1 determined from epoch of X-ray detection (time at which the optical depth to X-rays becomes unity) whereṀ −5 is mass loss rate in units of 10 −5 M ⊙ yr −1 , v w1 is wind velocity in units of 10 km s −1 . This object was first detected in X-ray (0.2 − 10 KeV band) by Immler & Brown (2012) approximately 4 days after the explosion. This has been used to get an upper limit on the quantitẏ M −5 /v w1 which characterizes mass loss by a uniform wind. Using Equation 2.17 from Chevalier & Fransson (1994) , we geṫ
where v s4 is outer (forward) shock velocity in units of 10 4 km s −1 and t X is the time at which the medium becomes optically thin to X-rays of energy E KeV and C 5 is a constant.
Using t X = 4 days, v s4 ∼ 1.0, E KeV = 1.0 (Kochanek et al. (2012) find that there are no clear detections at low energies (0.2 − 0.5 keV) and only marginal detections at high energies (2 − 10 keV) −the observed counts are completely dominated by the 0.5 − 2 keV band) and substituting the value C 5 = 2.6 × 10 6 into Equation 8
This is used to get an upper limit on the time for which free-free absorption dominates at any radio frequency. Using Equation 4 from Chevalier et al. (2006) 
where t f f is the time when the free free opacity becomes low enough so that the medium becomes transparent to radio waves and T cs5 is the circumstellar temperature in units of 10 5 K. This gives t f f ≤ 16.0 days at 3.0 GHz and t f f ≤ 11.0 days at 5.0 GHz for T cs5 = 1.0.
This shows that the 3 GHz radio lightcurve is not dominated by FFA in its optically thick from Chevalier (1998) gives B 0 ∼ 0.48 Gauss and R 0 ∼ 3.9 × 10 15 cm at age of ∼ 50.9 days assuming equipartition. The magnetic field and assuming a different value of equipartition factor (α = ǫ e /ǫ B ) can be written as
We can now put the object on a L op − ν p t p plot as shown in Figure 
Radiation Density and Bolometric Light Curve
To get the Compton cooling timescale we need the bolometric luminosity. We construct a bolometric lightcurve using published photometric (UBVRI) data from Bayless et al.
(2013) (Swift photometry) & Munari et al. (2013) . We take the available photometric data and fill in the gaps using linear interpolation. Note that we have not included the infrared photometry which is not available at these epochs, and due to this the bolometric luminosity may be a higher by at most ∼ 0.30 dex at the plateau phase. The swift photometry has been converted to flux from count rate using count to flux conversion factors from Poole et al. (2008) . We calculate the bolometric lightcurve by integrating over the resulting photometric data using a simple trapezoidal integration rule. The calculated bolometric light curve is shown in Figure 4 . Late part (t > 200 days) of the bolometric light curve used in calculation is taken from Bose et al. (2013) who have also calculated the photospheric radius and temperature evolution of SN 2012aw. The radiation density at radiosphere can be calculated as from
where R(t) is the radius of the radiosphere (forward shock) at a given time and is given as The ratio of synchrotron and Compton cooling timescales is independent of electron energy
It is evident from Figure 6 that Compton cooling dominates over the synchrotron cooling mechanism. Therefore in order to model the radio spectrum at early epochs and at high frequency we need to consider the effect of inverse Compton cooling mechanism on emission. This can be done by modeling the kinetic equation for electrons with the relevant energy loss terms included.
Cooling Frequency
Assuming that an electron emits synchrotron radiation at its characteristic frequency ν c , we can get an estimate of frequencies which are affected at a given age by comparing the adiabatic timescale t ad ∼ 1.5t and Compton cooling timescale t IC . Electrons which are affected by cooling (t Comp < t ad ) have energy greater than
Using ν c ∼ c 1 BE 2 , where c 1 is a constant, the minimum frequency above which effects due to Compton cooling are present can be written as
The minimum frequency which is affected by cooling is shown in Figure 7 . It shows that at very early times most of the JVLA radio bands are affected, but as the SN bolometric flux decreases ν min goes to larger and larger values as can be seen from Equation 19. It shows that electron cooling needs to be considered for a self-consistent modeling of early times high frequency radio emission.
Cooling Affected Electron Population
In order to evaluate the effect of electron cooling on radio emission, we can solve the full electron kinetic equation numerically and calculate the fluxes at any given time from the resulting electron distribution. The rate of change of energy of an electron is given by
where '+' and '−' represent energy gain and loss processes. At an energy E max , both rates can become equal and the electron can not be accelerated further. We therefore obtain an electron distribution which is bounded at the higher energy end. The cutoff is dependent on the bolometric luminosity and the radius of the forward shock. We can get the upper limit on energy by comparing the cooling timescale t Comp and average acceleration timescalet acc (it quantifies the time required for electron to be accelerated to a given energy) for radio emitting electrons. The condition for E max is
The inequality gives E max in terms of bolometric luminosity, forward shock radius andt acc as a function of time
We truncate the original power law electron distribution at E max . The electron distribution at a time t can be written (Pacholczyk 1970) as
where
and N 0 is the normalization of the original distribution (Chevalier 1998) and is related to the equipartition factor.
Calculating Radio Spectrum
To obtain the emission coefficient (ǫ ν ) and absorption coefficient (κ ν ) using the modified electron population we use the equations for ǫ ν and κ ν from Pacholczyk (1970) as
We can get the emission and absorption coefficient by substituting Equation 23 into Equation 26 & 27. We can write E as a function of x using ν c = c 1 H sin θE 2 as
The equations for emission and absorption coefficient after substitution become
The integral in the above formula are as following
where, g(x) = 1 − Ax
The limits of integration are given by
The source function is defined as
For our case it becomes
The radiative transfer problem can be easily solved for the case of a planar emission region of thickness, s
where f is the filling fraction. We use f = 0.5 in our calculation. The radiative transfer
It can be integrated simply in case of a homogeneous emission region from 0 to s as
As there is no incident radiation at s = 0, therefore I ν (0) = 0 and the solution becomes
where τ ν is defined as the optical depth as following
The flux can be calculated by integrating I ν over the solid angle Ω as
The integral for emission and absorption coefficient are evaluated numerically to obtain the radio light curves. The effect of FFA (Chevalier 1998) can be included as
where t f f is the time at which the optical depth to FFA becomes unity at frequency ν 1 . In the calculation we have used ν 1 = 3 GHz.
Results of Modeling the Radio Observations
Using the model described above we compute the radio fluxes and fit them to the observations as follows:
1. For a given explosion date (t ex ), fit the 3 GHz radio light curve with an SSA model to obtain m, F p and t p .
2. Calculate the radius (R p ) and magnetic field (B p ) estimates 3. Use the R p , B p and t p in the cooling model ) to obtain the best fit values of t f f , t acc and log 10 (α) based on χ 2 minimization.
4. In computing model-3 &4, we use the optical light curve properly referenced according to the explosion date.
5. Compare models for different value of explosion date.
Using the above procedure, we calculate best fit parameters by minimizing χ 2 ν over the 3-dimensional parameter space using Model-4 (Table 2 ). We use the S (3.0 GHz), C (5.0 GHz), X (8.5 GHz) & K (21.0 GHz) band data for fitting purposes. The Ka (32.0 GHz) band observations are consistent with its light curve computed from the parameters obtained from fitting the other frequencies. The resolution of the grid is 0.05 on log 10 (α) axis, 0.5 days on the t f f axis and 0.025 days on thet acc axis. For Compton cooling to be dominant we needα > 1.0, therefore the region below log 10 (α) < 0.0 is rejected. We obtain the best fit value of t f f = 18.5 days,t acc = 0.53 days andα = 1.12 × 10 2 for the parameters.
The χ 2 ν corresponding to these parameter values is 6.5. The contour plot visualizing the log 10α −t acc space is shown in Figure 8 . The levels marked in contour plot are separated by ∼ 0.2. Because of the weak dependence of observed quantities onα, it is not very strongly constrained by the radio observations alone. The values of fitted parameters are reported in Table 2 .
Another estimate ofα can be obtained by using the observed X-ray luminosity as the upper limit of the IC contribution to X-ray luminosity 4 We note that the magnetic field and relativistic electrons are away from equipartition regime. The value of t f f can be used to get theṀ /v w by inverting Equation 4 of 4 The X-ray luminosity equations assume that the circumstellar medium is formed by winds with constant parameters.
Using V s ∼ R 0 /t 0 , T cs5 ∼ 1.0 and t f f = 18.5 days at ν 1 = 3 GHz, we geṫ
The calculated radio light curves for the best fit parameters are shown in Figure 9 . Using our model we are able to explain the early time data at high frequency.
We also model the effect of varying the explosion date, t ex since there is a time difference of 1.6 days between the last non-detection ) and the first Using the expression for E(dL This is smaller than the value ofα giving the best fit to the radio data but is consistent with the later within error limits (refer Table 2 ). Chandra observed the field of SN 2012aw on 2012 Apr 11. We analyzed the data and determine an X-ray luminosity (6.0 ± 1.4) ×
10
37 erg/sec/keV at 1.0 keV. This implies anα ∼ 0.22
optical detection of the SN (Fagotti et al. 2012) . The explosion date affects the calculation of radio flux especially at high frequencies, since the relativistic electrons experience different radiation environments due to the change of the density of UVOIR photons at the radiosphere. We calculate radio fluxes due to synchrotron emission by electrons for different explosion dates and fit the fluxes to the observed radio data. The results are summarized in Table 3 for Model-4 (refer to Table 2 ). The best fit is obtained for t ex of 2012 March 15.3.
Conclusions & Discussion
We have reported the radio observations of SN 2012aw which has already been studied well in the optical and UV bands. Our observations spanning 184 days make it one of the best observed Type II-P radio SN. We find that the spectral index values are smaller than the values expected for optically thin regime. We interpret this as a signature of electron cooling at a young age. Specifically we find that inverse Compton cooling dominates over the synchrotron cooling process in the case of SN 2012aw. Although Chevalier et al. (2006) had predicted the effect of electron cooling on radio light curves, this is the first unambiguous evidence of cooling of relativistic electrons in a young supernova due to inverse Compton scattering of low energy photons. We consider the effects of Compton cooling in order to self-consistently model the high frequency radio emission. We fit the radio data to the model and estimate its parameters. We find that radiating plasma is away from equipartition (α ∼ 1.12 × 10 2 ) and relativistic electrons carry a greater fraction of the thermal energy compared to the post-shock magnetic field. A similar result has been noted in case of SN 2011dh (a Type IIb SN) by Horesh et al. (2013) for whichα ∼ 10 3 , which implies ǫ e ≫ ǫ B , energy density in relativistic electrons exceeds the energy density in magnetic field (Soderberg et al. (2012) have noted a value ofα ∼ 30 for the case of SN 2011dh). The case of SN 1993J (another Type IIb) is in contrast to SN 2011dh as in the former case Chandra et al. (2004 ) & Fransson & Björnsson (1998 noted that the equiparition factor is ∼ 10 −4 (ǫ e ≪ ǫ B , energy density in magnetic field exceeds the energy density in relativistic electrons). We determine the value ofṀ ∼ 1.9 × 10 −6 M ⊙ yr −1 and it is consistent with the empirically estimated mass loss rate for red giant progenitors of Type II-P SNe (Reimers 1977; de Jager et al. 1988) . To investigate phenomenon associated with electron cooling, observations of radio bright SN at young age in high frequency bands using ALMA and/or CARMA will be needed as has been done in the case of SN 2011dh by Horesh et al. (2013) and Soderberg et al. (2012) . Good quality early X-ray observations by Swift and/or Chandra are crucial to get stringent limits on equipartition factor (including independent estimates on ǫ e and ǫ B ) and the contribution of thermal emission to the X-ray flux, as has been done in the case of SN 2004dj by Chakraborti et al. (2012) .
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